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ABSTRACT 


A crawler system is designed to move a low-g/variable-g 
laboratory module along a tether between the Space Station 
and an attached space platform. 

An analysis is made of the effects of control law 
parameter changes on the displacement, velocity and 
acceleration of the crawler system. The control law is then 
modified by the addition of a constant-velocity section and 
the new values of distance traveled, velocity and 
acceleration are analyzed as a function of time. 

The power and torque equations are derived for a 
crawler system moving along a tether in orbit and numerical 
values of power and torque required for each prescribed 
movement are calculated versus time for four different cases 
using the control laws. All of the movement trajectories 
result in a requirement for power absorption or dissipation. 
The torque versus velocity data for the set of trajectories 
is used to define maximum required torque-speed envelope 
which can be used in the selection of the drive motor and 
the power supply. 

A two-step control sequence is selected to permit 
initial location along the tether by distance traveled, 
followed by a vernier movement to reach the final desired 
constant net acceleration level. The components for the 
control system are identified and arranged in a block 
diagram configuration. The support subsystems are also 
identified. 

The sections of this study have been integrated to 
develop a procedure for the determination of crawler system 
performance requirements and the initial design of tether 
crawler systems. 
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INTRODUCTION 


The Space Station of the 1990's is expected to provide 
an acceleration environment in the experiment modules of a 
low-g level for longer periods than is presently available 
to experimenters in the areas of fluid mechanics, biotech- 
nology and materials science. However, even on the much' 
larger capacity Space Station, the space and astronaut time 
available for man-monitored and interacted experiments will 
be limited. In addition, crew movements , equipment transfer 
movements, departures and arrivals of orbrtal, free— flyers, 
unmanned transportation and Shuttle vehicles, along with 
Space Station maneuvers for station-keeping and attitude 
adjustment will generate acceleration and vibration 
disturbances in the station structure which will be 
transmitted to the experiments. The conclusion is that 
there is a need for a low-g, even variable-g, experiment 

+* T*Th •? r»Vi ■? e mnocr*onf t*t*i +*Vi rocnort to 2LGG@l02T8.tion 

Wi X V WA1UIW14 V W**XWA* AM ^ ^ ^ ^ ff ^ ^ 

levels for long periods of time. 

By the Shuttle era, there should exist many experiments 
and self-contained production processes which require long 
periods at very low— g levels but do not require frequent 
man-monitoring or interaction. These can be placed in an 
i nsirusisnt module and moved out away from the Space Station 
^ 4- **+->*<**- +-q ™ai r »^ 2 Li r, ecl in sin isolated 

controlled, very low-g acceleration environment. Another 
available option would be to move the instrument module 
through a programmed sequence of variable-g levels. 

In summary, a crawler system is needed that will move a 
low-g/variable-g laboratory module along a tether between 
the Space Station and an attached space platform. The 
purposes for locating the module along the tether are (1) to 
isolate low-g experiments from the attitude changes and the 
vibrations of the Space Station structure, (2) to permit 
variable-g experiments without changing Space Station alti- 
tude, and (3) to reach and maintain controlled, constant net 
acceleration ..experiment environments in the range from 
10 _3 g to 10“ 6 g. 
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OBJECTIVES 


The objective of this study is to complete a design 
study of the motion control laws and drive mechanism for a 
system to move a low-g/variable-g experiment module along a 
tether between the Space Station and an attached space 
platform. 

The crawler should move along the tether to isolate the 
experiment module from the movements and vibrations of the 
Space Station and attain and maintain prescribed accelera- 
tion levels in the range of lo“ J g to 10 - ’ c> g. 

Figure 1 shows the constraints-operations envelope for 
meeting the above objectives. The planning limit for the 
duration of the low-g experiments has been set at a nominal 
value of 1000 hours. This period is about half of the 
interval of 2160 hours (90 days) that is presently scheduled 
for Shuttle arrivals at the Space Station, a time of con- 
siderable activity on the Station and, therefore, accelera- 
tion disturbances. The nominal value is conservatively low, 
and in actual operation the available quiescent period may 
be longer. 
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BACKGROUND 


One of the earliest recommendations for the applications 
of tethers in the United States space program was made by 
Colombo (1974) . Many suggestions have been made since then 
and these have been reviewed and summarized by von 
Tiesenhausen (1982) . 

Arnold (1986) has recently prepared a thorough discus- 
sion of the dynamics of long tethers in space. Also, von 
Tiesenhausen (1984) has compiled a history of the proposals 
down through history and science-fiction for the uses of 
tethers in space. Both the prospects and the problems 
associated with a long, limber element in orbit are being 
identified and worked upon. 

A problem that was identified early was the unsteady 
nature of tether deployment from an orbiting spacecraft. 

One of the first control laws for tether deployment was 
proposed by Rupp (1975) . Although this problem is still 
under study, newer efforts have been made by Rupp and other 
investigators to develop an optimal control law for the 
movement of a tether crawler system (sometimes referred to 
as a space Elevator) along an already deployed tether. 

The most recent proposal of a crawler-motion control law 
was made by Lorenzini (1986) . He both reviewed the develop- 
ment of crawler control laws and studied the dynamical 
response of the tether/ crawler system to movements of the 
crawler. This present study will extend this work in the 
development of control laws for tether crawler systems. 
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BASIC CONTROL LAW 


A control law having a continuous smooth motion has been 
proposed by Lorenzini (1986) as a distance traveled along 
the tether - 

/_( e) ^ I ^ a ^ ^ (i) 

which is plotted in Fig. 2. An increase in shape factor is 
seen to give a delayed acceleration. 


For this control law the motion exponentially approaches 
the final point which would take an infinite time to reach, 
so as a practical matter, the motion is ended at a proximity 
distance to the end point. The time required to reach this 
proximity distance is shown in Fig. 3, which is a plot of - 


where . 

- — — r 


r<r - J, h ( 

(T ~ - / (Tr) 



( 2 ) 

(3) 


This time to proximity is seen to increase both for an 
increasing value of the control law shape factor and for 
decreasing proximity distance. 


Figure 4 shows the velocity versus time for this control 
law. The velocity equation is - 

, r e 

C y £)J(4) 


and the maximum value of velocity is determined by - 


Ax** 


(5) 


The distance traveled and the time to reach maximum 
velocity are expressed as - 


l (Cj - A +ai c Ct r-’W+vJ 


<KA 


and 


T ('Cyhax) ~ A £(r-t)/ z J 


6 . r 


( 6 ) 


( 7 ) 
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( 8 ) 


Acceleration along the tether is given by - 

/ c( <*J7* 

x {( } 

and is plotted for typical values of the shape factor in 
Fig. 7. Both the positive and the negative maximum values 
of acceleration decrease in magnitude with increasing values 
of shape factor and both reach limiting values - the maximum 
positive acceleration limit being approximately twice the 
maximum negative acceleration limit. 


The times to reach maximum positive acceleration, zero 
acceleration (maximum velocity) , and maximum negative 
acceleration are also a function of shape factor, as shown 
in Fig. 8. 

The values for an example (reference, r) case are listed 
in Fig. 9. The shape factor value is high enough in this 
example that the limit values can be used in calculating the 
maximum velocity, the maximum positive acceleration and the 
maximum negative acceleration. 
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MODIFIED CONTROL LAW 


The basic control law is smooth and continuous. 

However, it can be inefficient in the use of both time and 
velocity capabilities of the crawler system. A modification 
which can be made to improve the control law is the addition 
of a constant-velocity interval as shown in Fig. 10. This 
interval begins at the time maximum velocity is reached; 
i.e., when the acceleration is zero. 


The equations for the three segments of the motion - 
acceleration, constant-velocity, deceleration - are: 

0<T<£ 

L(T> = Y <9> 

L ' T) )J X (10) 

L(T) U tO*} (11> 


Ta<T<Tb y, 

L | T > m L<, t*L L C h,A 6 , t Q *4 (12) 

^( T) = ~ <•*/(')' *-tjJ ^ < 13 > 

L(T) = ( 14 ) 


Tb<T<T 

L(T) 


r 


L(T) = 
L(T) 


(16) 


(17) 


=Lt ° ( « (r~l r e -rJV " ( 15 > 

etc ** a (T-(T A rJ$ 

L V* (r^iT s ^nj;j x 
* Lc rf' L Y Ch h A (o( (r-{-rcM)))J 
* ( r- tr<-TA)J* 2 .? 

mu * Uf-/J >> ( x- ( r-fa -rx>l)J f 

The selection of a constant -velocity interval length can 
be done using the constant-velocity parameter X, the ratio 
of the net distance for acceleration and deceleration to the 
total distance to be traveled. Two cases of ii.Ltsrest are 
(1) where the time to proximate distance remains the same 


XXXIX- 6 



as for the basic control law and (2) where the maximum 
velocity remains the same. The effects of changing the 
parametr X on the values of the other control law parameters 
and the values of maximum velocity and accelerations are 
shown in Fig. 11 for the case of constant time to proximity 
and in Fig. 12 for the case of constant maximum velocity. 

Figure 13 shows an example case where the distance 
traveled versus time is plotted for X=1 and for X=0.336 and 
the same maximum velocity, distance traveled and control law 
shape factor. By adding the constant -velocity section the 
time to travel the same distance has been halved. 

The considerations in the selection of a tether control 
law are listed in Fig. 14. The type of analysis that has 
been made on this control law can be made on other candidate 
control laws and the same parameters of the motion and the 
maximum velocity and maximum values of acceleration will be 
the principal considerations in selection of the optimal 
control law. 
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DRIVE MECHANISM 


A drive mechanism provides both the contact of the 
crawler system with the tether and the forces on the tether 
to move the crawler/ instrument platform along the tether. 

The major considerations in selecting a drive mechanism are 
listed in the top section of Fig. 15. A drive configuration 
meeting these considerations is shown in the bottom section 
of Fig. 15. The crawler system is toggle-latched onto the 
tether and the drive wheel-belt combination provides a large 
contact area and, therefore, low contact pressures on the 
tether. A larger force can be applied to the tether without 
damage to the tether from crimping or sliding forces. 

The torque and power required for the motion of the 
crawler system and instrument module along the tether are 
given by the equations in Fig. 16 and below - 

* = (*? * r)f <■ C4 v" us) 

, D = p PvW— rpvr\7 /r\ r ^ x 

• * i A i. / u ^ j 

Figures 17 , 18 and 19 are plots of the required torques 
and power versus time for cases where the same distance is 
traveled but from different starting points relative to the 
center of orbit (where the net gravitational and centripetal 
acceleration is equal to zero). The variable Y is the 
measure of distance radially from the center of orbic. The 
basic control law is used in all three cases. One feature 
of all three cases is the large area under the negative 
power curve. These fairly large amounts of energy must be 
transmitted and stored or used elsewhere, be absorbed, or be 
dissipated to outer space. 

The same analysis is applied to the constant -velocity 
example case and the results are snown in Fig. 20. The 
constant-velocity section is seen as central straight line 
curves. Again, a large negative power area is obtained. 

The velocity and acceleration curves for this case are shown 
in Fig. 21. 

The selection of a drive motor is conventionally done 
from required torque versus speed data, so torque values are 
plotted versus speed for each of the four cases. A typical 
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plot is shown in Fig. 22. An envelope which encloses all of 
the plotted points is then the required torque versus speed 
for that motion of the tether crawler system and instrument 
module. 


Tl-lfci itsyuiitJU tul 4 ue - £jpecu cnVcIOpeo f ui‘ all fuuj. waoea 

are plotted in Fig. 23. The two cases of X=l, Y=0 to + 

1000m are combined as the torque curves are nearly mirror 
images and the torque capabilities of drive motors are the 
same in both directions of rotation. The limit of speed is 
the maximum expected velocity which is the same for all four 
of these cases. The shaded region defines the values of 
required torque versus speed for any drive system which is 
to follow the basic and modified control laws to move the 
crawler system/ instrument module. A drive system should be 
selected which has a torque-speed capability above this 
required torque versus speed envelope. 
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CONTROL SYSTEM 


The components required to make a control system having 
the capabilities for coarse control by location on the 
tether and for vernier control by acceleration level are 
listed in Fig. 25. The constant acceleration levels versus 
distance from the center of orbit are plotted in Fig. 24 for 
the design altitude of the Space Station. 

The control system block diagram containing these 
components is shown in Fig. 26. For the coarse location 
movement this control system controls the motion of the 
crawler system until it reaches the proximity distance and 
stops. The vernier control is then switched in and the 
small correction, movement is made using acceleration level 
as the controlled variable. Three accelerometers are used 
to cover the range from a milli-g to a tenth of a micro-g. 
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CONCLUSIONS 


A procedure for determining performance specifications 
and the initial design of tether crawler system is devel- 
oped. The steps of the procedure ares 

o Determine the desired acceleration levels and the 
corresponding tra j ectories 

o Determine the mass to be transported 

o Select the limiting trajectories and determine the 
distances to be traveled and the acceptable first 
proximity distance 

o Determine the maximum time to move within proximity 

o Select the acceptable levels for maximum velocity, 
maximum positive acceleration and maximum negative 
acceleration 

o Determine the locations along the tether at which 
will occur the maximum positive acceleration, maximum 
velocity and maximum negative acceleration 

o Select a time factor and shape factor based on the 
above considerations and simulation studies of tether 
response to Tether Crawler System movement 

o Select a constant-velocity section to decrease either 
maximum velocity and acceleration or the time to move 
within proximity 

o Determine the required torque versus speed envelope 

o Select a drive motor, gearhead and electronic drive 
that provide a maximum available torque versus speed 
curve that is above the required torque-speed 
envelopes for all proposed trajectories 

o Select a control system and the support subsystems. 
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REO 




INDATIONS 


The following are recommended as continuation studies: 

o Simulation of Tether Response to Tether Crawler 
System Movement with Constant-Velocity Section 

o Acceleration Filter Characteristics of Free-End and 
Fixed-End Tether 

o Fixed-End Tether Crawler System Dynamics 

o Ground-Based Tether Crawler System Demonstration 
Experiments 

o Shuttle-Based Tether Crawler System Demonstration 
Experiments . 
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Tim TO REACH MAXIHUM POSITIVE ACCELERATION, ZERO ACCELERATION 
AND MAXIMUM NEGATIVE ACCELERATION VERSUS SHAPE FACTOR 

• SHAPE FACTOR ACTS AS A TIME DELAY 

• Tim INTERVAL, AT, BETWEEN MAXIMUM NE6ATIVE ACCELERATION AND 
MAXIMUM POSITIVE ACCELERATION REMAINS CONSTANT FOR SHAPE 
FACTOR GREATER THAN FIVE. 

Fig. 8 
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Fig . 12 
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X - 1, Y (t) - ♦10m TO + 1008m 
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TCS DRIVE MECHANISM TORQUE -SPEED REGION FOR 

VELOCITY AND ACCELERATION TCS DRIVE MECHANISM 

X ■ 0336, Y - ♦600m TO -600m 
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CONTROL SYSTEM HOCK DIAGRAM 
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